Spontaneous spin switching via substrate-induced decoherence by Gauyacq, Jean-Pierre & Lorente, Nicolás
ar
X
iv
:1
40
7.
08
94
v1
  [
co
nd
-m
at.
me
s-h
all
]  
3 J
ul 
20
14
Spontaneous spin switching via substrate-induced decoherence
Jean-Pierre Gauyacq
Institut des Sciences Mole´culaires d’Orsay, ISMO, Unite´ mixte CNRS-Univ Paris-Sud,
UMR 8214, Baˆtiment 351, Univ Paris-Sud, 91405 Orsay CEDEX, France
Nicola´s Lorente
ICN2 - Institut Catala de Nanociencia i Nanotecnologia,
Campus UAB, 08193 Bellaterra (Barcelona), Spain
CSIC - Consejo Superior de Investigaciones Cientificas,
ICN2 Building, 08193 Bellaterra (Barcelona), Spain
(Dated: May 22, 2019)
We analyze the spontaneous switching between the two Ne´el states of Fe chains on Cu2N/Cu(100),
experimentally studied by Loth et al. [Science 335, 196 (2012)]. We show that, in the experimental
low-temperature regime (T ≈ 1 K), decoherence induced by substrate electrons deeply modifies the
dynamics of the chain magnetization. The Rabi oscillations associated to quantum tunneling of
the isolated chain are replaced by an irreversible decay of considerably longer characteristic time.
The computed switching rate is small, rapidly decreasing with chain length, with a 1/T behavior
and in good agreement with the experiment. Quantum tunneling is only recovered as the switching
mechanism at extremely low temperatures, the corresponding cross-over moving rapidly to further
low temperatures as the chain length is increased.
PACS numbers: 75.10.Pq, 75.10.Jm, 75.50.Ee, 68.37.Ef
Decoherence is becoming a central concept in the study
of quantum objects [1–3]. It is caused by the influence of
the environment on the studied object that leads to the
suppression of interference between quantum states and
hence to a classical behavior of the object. The presence
of decoherence is ubiquituous: from atomic optics [4–6],
to the foundations of quantum mechanics and the passage
to the classical world [1–3], including the environment-
imposed limitations in quantum information and compu-
tations [7, 8]. Decoherence also plays an important role
in surface science [9], like in the scattering and localiza-
tion of atoms on surfaces, in the dynamics of surface-
confined electronic states [10, 11] or in surface-adsorbed
spins [9, 12]. For an adsorbate, the substrate acts as
a bath of electronic, phononic and nuclear excitations
that cannot be neglected in the study of adsorption. The
scanning tunneling microscope (STM) has permitted us
to have unprecedented insight on adsorbed quantum ob-
jects. Indeed, the STM has been used to unveil the static
and dynamical properties of spins on surfaces [13–16]. In
this context, decoherence plays a particular important
role [12, 17, 18].
Recently, Loth and collaborators [19] measured the
dynamical properties of antiferromagnetically coupled
atomic Fe chains on Cu2N/Cu (100). They oberved a
Ne´el spin ordering in chains with an even number of
atoms, i.e. all the spins are aligned on the same di-
rection with alternate directions along the chain. Their
experiment revealed that the chains could switch from
one Ne´el state to the opposite Ne´el state via either elec-
tron injection from an STM tip or by increasing the sam-
ple temperature. The tunneling electron-induced regime
showed a clear threshold when the electron energy was
large enough to excite an intermediate magnetic excited
state of the chain that greatly enhanced the switch-
ing [19, 20]. When studying the temperature-induced
flipping of the local moments of the chains, [19] two dif-
ferent regimes were found: (i) a high-temperature regime
where the switching rate followed an Arrhenius expo-
nential behavior with a finite activation energy that is
in good agreement with the energy of the intermediate
state of the tunneling electron-induced process and (ii)
a low-temperature regime, flat as a function of inverse
of temperature, reminiscent of the customary quantum
tunneling regimes of atom diffusion [21, 22] or of mag-
netic processes [23–26]. Regime (i) is analogous to the
STM electron-driven process and it has been carefully
analyzed in the literature [19, 20], however, regime (ii)
has received less attention due to the conceptual difficul-
ties that it presents. Indeed, we show here that the very
low-switching rate of regime (ii) and its weak tempera-
ture dependence are not due to a tunneling process [19],
but are rather an effect of the fast substrate-induced de-
coherence; this places decoherence at the heart of spin
stability in a few-atom devices.
Using the theory developed in Refs. [27, 28], we have
evaluated the switching rate between the above Ne´el
states. Only when decoherence is included, can the ex-
perimental data be explained. Let us suppose that ini-
tially, the Fe chain is prepared in one of the two Ne´el
states. In the absence of decoherence, a Rabi oscilla-
tion sets in between the two Ne´el states, because the
Ne´el states are broken-symmetry solutions of the chain’s
Hamiltonian [20]. The period of the Rabi oscillation is
proportional to the inverse of the energy separation be-
tween the two lowest-lying eigenstates of the chain, fol-
2FIG. 1: Switch between the two Ne´el states of an Fe atomic
chain on a Cu2N/Cu (100) substrate. The thermal electrons
from the substrate cause the decoherence of the chain’s spin
state. The joint action of the high-order indirect Heisenberg
coupling between the Ne´el states and of the substrate-induced
decoherence results in the spontaneous switching of the chain
between the two magnetization states.
lowing the customary quantum-tunneling picture [25, 26].
These oscillations are many orders of magnitude faster
than the measured switching rates [19]. However, when
decoherence induced by thermal electron-hole pair exci-
tations of the substrate is considered, Fig. 1, the oscil-
lations are damped and the decoherence produces the
collapse of the spin state into one of the two Ne´el states
with equal probability.
The Fe chain is described by a set of local spins, ~Si,
in an anisotropic environment and coupled by a first-
neighbor Heisenberg exchange, J , [19, 20, 29–32]:
Hˆ =
N−1∑
i=1
(J ~Si · ~Si+1 + gµB ~S · ~B
+ DS2i,z + E(S
2
i,x − S2i,y)). (1)
The local Fe spins are Si = 2, where i is the atom in-
dex for N Fe atoms. Local axial, D, and transverse, E,
magnetic anisotropies have been included together with
the Zeeman term due to an external field ~B. The ac-
tual values of J , D, E and g are taken from the study
on adsorbed dimers by Bryant et al [33]. Due to the
above interactions and the integer total spin, the ground
state, |GS〉, is not degenerate. In systems like the present
one with a large D anisotropy term, the system is close
to an Ising model. The first excited state, |EXC〉, has
a very small excitation energy that we express as 2V .
Both |GS〉 and |EXC〉 correspond to the superposition
of many configurations of local spins, with large weights
of equal value on the two Ne´el states. From these, one
can then define the Ne´el states, |N1〉 and |N2〉, as linear
combinations of the two low lying states:
|N1〉 = 1√
2
(|GS〉+ |EXC〉),
|N2〉 = 1√
2
(|GS〉 − |EXC〉). (2)
With this definition, the two Ne´el states are not pure
Ne´el configurations of local spins, but include corre-
lation effects that are important in anti-ferromagnetic
chains [20, 32, 34]. The above excitation energy, 2V ,
then appears as twice the coupling between the two Ne´el
states, Eq. (2). The coupling V is very weak and it is
due to the correlated nature of the Ne´el states. Actually,
it is possible to go from |N1〉 to |N2〉 by applying several
times the Heisenberg exchange or the anisotropy E oper-
ators in Eq. (1). The two states are then weakly coupled
via a high-order indirect interaction involving many in-
termediate spin configurations. Due to this high-order
character, the coupling V is very sensitive to the choice
of parametrization in Eq. (1).
When the chain is prepared in the Ne´el state |N1〉,
the chain evolves under the above effective coupling, V ,
leading to Rabi oscillations between the two states |N1〉
and |N2〉 with period TRabi = π~/V . This corresponds
to a quantum tunneling phenomenon and would account
for the periodic spontaneous switching of magnetization
of the chain if it were isolated.
The effect of the substrate can be included using the
density matrix of the system, ρˆT = |Ψ〉〈Ψ| where |Ψ〉
is the state of the full system. By tracing out the en-
vironment’s degrees of freedom, we are left with the re-
duced density matrix for the spin degrees of freedom of
the chain [35]:
ρˆ =
∑
j
〈j|env(|Ψ〉〈Ψ|)|j〉env , (3)
where |j〉env is a complete basis set of the environment
system, env. The time evolution of the reduced density
matrix is then given by:
i~
dρˆ
dt
= [Hˆred, ρˆ] + Rˆ(ρˆ), (4)
where Hˆred is the 2×2 Hamiltonian matrix for the space
spanned by the two Ne´el states (the two diagonal energies
are equal and the two non-diagonal terms are equal to the
effective coupling, V ). Rˆ takes into account the effect of
the environment in the reduced density matrix evolution,
it is given by the expresion [35, 36]:
Rˆ(ρˆ) = −iΓ ( |N1〉ρ12〈N2|+ |N2〉ρ21〈N1| ), (5)
where ρ12 and ρ21 are the non-diagonal density matrix
elements between the two Ne´el states, |N1〉 and |N2〉.
The quantity Γ/~ is the decoherence rate of a Ne´el state,
given by the inverse of the pure dephasing time, T ∗2 . The
substrate is not magnetic and hence the decoherence rate
is the same for the two Ne´el states. Note that Eq.(4) has
been written in the Ne´el-state basis, implicitly assuming
the decoherence term to be much larger than the effective
coupling, V .
The resulting set of equations can be easily solved by
defining the population difference: ∆P = ρ11 − ρ22. The
3solution is
∆P =
−4V 2√
Γ2 − 16V 2 (
eω+t
ω+
− e
ω
−
t
ω−
), (6)
when initially the chain is in the |N1〉 state. The values
of ω± are 0.5 (−Γ±
√
Γ2 − 16V 2). Then, for long times,
Eq. (6) leads to equal populations of the two Ne´el states,
ρ11 = ρ22. In parallel, non-diagonal terms (coherences)
die out on the same time scale, so that the final state
of the evolution is an equal and incoherent population of
the two Ne´el states.
In the present case, the decoherence rate is very fast
compared to the Rabi evolution, Γ≫ V (or equivalently
TRabi ≫ T ∗2 ). Therefore, the population difference can
be approximated by:
∆P ≈ e− 4V
2
t
~Γ , (7)
from which we obtain the switching rate between Ne´el
states |N1〉 and |N2〉:
1
τ1→2
=
2V 2
~Γ
=
1
TRabi
2πV
Γ
(8)
The decoherence rate, Γ/~, accounts for the loss of co-
herence of the evolving spin state due to collisions with
hot electrons from the substrate. Its calculation is akin
to the calculation of de-excitation of spin states on sur-
faces [28, 37] except that the spin state does not change.
Each collision entails a change in the state phase and
hence the decoherence of the evolving spin state, |N1〉 or
|N2〉. The decoherence rate can be expressed as the addi-
tion of electron collisions with each atom of the chain. As
shown in Ref. [37], the electron collision rate can be sep-
arated in three parts, and the total rate can be expressed
as
Γ = NTFe(EF )
kBT
2π
PSpin(N1 → N1). (9)
The first factor is the electron transmission at the Fermi
energy, NTFe(EF ), that takes into account the electron
flux through the N Fe atoms of the chain, where TFe(EF )
typically amounts to 1 [37] [40]. The second factor ac-
counts for the number of electrons that can collide with
the target. These hot electrons are given by the convolu-
tion of the electron and hole Fermi functions [38]. At low
temperature, T , the second term is just kBT
2pi
. Finally,
PSpin(N1 → N1) represents the elastic scattering proba-
bility for an electron scattered by an atom in the chain;
it is not a trivial number since it depends on all the pos-
sible spin transitions of the target. It amounts typically
to 0.8-0.9 for the various chains (see a discussion in [20]).
For a six-atom Fe chain on Cu2N/Cu(100), the deco-
herence rate is indeed very fast. The effective coupling,
V , is 1.85×10−6 meV, while the decoherence rate is 0.14
meV at T = 2 K. Thus, the decoherence rate is much
larger than the Rabi frequency between the Ne´el states,
justifying the above approach. The consequence of fast
decoherence is clearly seen in Fig. 2. In (a), the evo-
lution of the population of state |N1〉 in the presence of
decoherence is shown as a function of time, for an initial
population of |N1〉 equal to 1. It decreases exponentially
to 0.5, and the system becomes an incoherent superpo-
sition of states 1 and 2. Figure 2 (a) also illustrates the
effect of a measurement as performed e.g. in an STM
experiment: at an arbitrarily chosen time (t = 0.02 s),
a measurement is performed that, for example, finds the
system in state |N1〉; this leads to a restart of the popu-
lation evolution that again relaxes towards an incoherent
situation.
In Fig. 2 (b) the Rabi evolution is shown for compar-
ison. The time evolution is orders of magnitude slower
in the presence of decoherence (see e.g. Eq.( 8)). The
quantal state of the chain loses its phase many times be-
fore a Rabi oscillation could be performed (before quan-
tum tunnelling could set in) and the decoherence strongly
hampers the switching rate between the two spin states.
The difference between cases (a) and (b) goes beyond
the difference in time scales. Rabi oscillations (b) cor-
respond to a reversible coherent evolution between the
two Ne´el states. Decoherence results in an irreversible
evolution toward an incoherent superposition of the two
Ne´el states and thus explains the experimental observa-
tion by Loth et al. [19] of Ne´el states and not of the
ground state of the isolated system. However, decoher-
ence is not the only physical effect at play, the relative
values of magnetic anisotropy (D and E) and exchange
couplings (J) are very important. Indeed, Ne´el states
have not been observed for chains with an even num-
ber of Mn atoms [29] due to the negligible longitudinal
anisotropy, D in Eq. (1).
The switching rate between the two Ne´el states,
1/τ1→2, obtained in our calculations (Eq. (8)), is dis-
played in Figure 3. It shows the different rates as func-
tions of the number of atoms in the chain. The switching
rate presents a fast exponential decrease with the num-
ber of atoms in quantitative agreement with the switch-
ing rates measured for Fe6 and Fe8 [19]. The exponential
decrease with increasing length is due to the exponential
behavior of the Rabi frequency, also shown in Fig. 3. In-
deed, when increasing the chain length, the indirect cou-
pling between Ne´el states becomes of higher and higher
order in J , Eq. (1), leading to the exponential decrease
of the effective coupling, V , with the number of atoms,
N . However, the decoherence rate slightly increases with
chain length, due to the increase of the number of atoms,
N , that can be hit by substrate electrons, Eq. (9).
Our calculations show that the switching rate presents
three regimes as a function of temperature. (i) A high-
temperature regime where hot substrate electrons have
enough energy to excite higher-lying excited states in the
chain, trigering an efficient indirect switching process,
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FIG. 2: (a) Time evolution of the Ne´el-state population in
the presence of decoherence. A Fe6 chain is initially prepared
in the |N1〉 state, and decoherence leads to an exponential
decline of its population. At ∼ 0.02 s, the chain is either
in the |N1〉 or the |N2〉 states with equal probability. We as-
sume that a measurement is performed at ∼ 0.02 s in order to
determine the chain’s state, and hence the population is de-
termined and the evolution starts again. (b) For comparison,
the |N1〉-state population is shown in the absence of decoher-
ence. The evolution is of the Rabi type and the oscillation
is orders of magnitude faster than when decoherence is taken
into account as in (a) (note the change in time scale).
such as the one described in Refs. [19, 20]. (ii) A sec-
ond regime of intermediate temperatures where indirect
transitions are not possible due to energy conservation.
This second regime, studied in detail in the present work,
is dominated by hot-electron decoherence and present a
∼ 1/T behavior. In front of the exponential behavior of
the high-T regime, this 1/T is slowly varying and can
be easily confused with a tunneling behavior. (iii) Fi-
nally, at extremely low temperatures, decoherence be-
comes negligible and Rabi oscillations dominate. In this
very-low-temperature regime, the chain’s evolution can
be described via Hamiltonian (1), and truly corresponds
to a quantum tunneling regime. In this regime, a decay
term for the excited state, |EXC〉, population has to be
included. For the six-atom chain, the decoherence rate
becomes equal to the Rabi frequency in the µK range
and as the chain length increases, the cross-over from
decoherence-dominated to quantum tunneling behavior
is rejected to further lower temperatures.
As the chain length shortens, the importance of deco-
herence in the spin dynamics reduces. The situation of Fe
dimers is different from that of longer chains. At 2 K, (see
Fig. 3), all rates are roughly of the same order of magni-
tude, so that the system is not decoherence-dominated.
This is the case of Fe dimers at 330 mK [33], where the
decoherence rate is smaller than the coupling V and con-
sistently, the conductance spectrum shows a low-energy
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FIG. 3: Rates for the various processes in the Fe chains as a
function of the number of atoms for a substrate temperature
equal to 2K. The available experimental data (red diamonds)
for the switching rate are also shown [19]. The full green line
is the present computed switching rate between the two Ne´el
states. The V coupling and and the decoherence rate are
plotted as dotted and dashed lines, respectively.
threshold due to the excitation of the |EXC〉 state.
In summary, we have evaluated the spontaneous
switching rate between the two possible Ne´el states of
atomic Fe chains adsorbed on Cu2N/Cu(100) [19]. We
show that the quantum tunneling associated with Rabi
oscillations in this system is deeply modified by the pres-
ence of a strong substrate-induced decoherence process,
leading to a considerable slowing down of the switch-
ing process and to a change of its character. The
decoherence-assisted process leads to the relaxation of
the chain magnetic state toward an incoherent popula-
tion of both Ne´el states, instead of the Rabi oscillations
of the quantum tunneling process. At high temperature,
indirect transitions [20] induced by hot substrate elec-
trons lead to an Arrhenius-type of T -dependence [19]. In
the few-Kelvin range, the decoherence-assisted switching
mechanism takes over, in quantitative agreement with
the experiment, and with the correct scaling with chain
length, the switching rate slowing down exponentially
with the chain length. Only at extremely low temper-
atures (below the µK range for the six-atom chain and
exponentially lower for longer chains) does quantum tun-
neling prevail over the above decoherence-assisted mech-
anism.
Decoherence appears as a key phenomenon in the
switching of magnetization at surfaces, and it is quite re-
markable that decoherence is able to dominate the spin
dynamics down to unattainable temperatures even for a
spin system of only a few atoms.
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